ABSTRACT Phycobilisomes are supramolecular assemblies of phycobiliproteins responsible for photosynthetic light collection in red algae and cyanobacteria. They can be selectively dissociated by reduction of temperature and buffer concentration. Phycobilisomes isolated from Fremyella diplosiphon transfer energy collected by C-phycoerythrin and C-phycocyanin to allophycocyanin. The energy transfer to allophycocyanin is nearly abolished at 20C, as indicated by a blue shift in fluorescence emission, and is accompanied by a decrease in the circular dichroism in the region of allophycocyanin absorbance. Further dissociation of the phycobilisomes can be attained by reduction of buffer concentration and holding at 20C. Energy transfer to C-phycocyanin is nearly abolished, and decreases occur in the circular dichroism in the region of Cphycocyanin and C-phycoerythrin absorbance. Complete dissociation of the phycobilisomes at low buffer concentration and 20C requires extended time. Energy transfer to C-phycocyanin is further reduced and the circular dichroism maximum of Cphycoerythrin at 575 nm is lost. Circular dichroism provides information on the hexamer-monomer transitions of the phycobiliproteins, whereas fluorescence is indicative of hexamer-hexamer interactions. We consider that hydrophobic interactions are fundamental to the maintenance of the structure and function of phycobilisomes.
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Phycobilisomes are supramolecular assemblies of phycobiliproteins attached to the outer surface of the photosynthetic lamellae of cyanobacteria and red algae (1, 2) . Their function is to collect light energy, which is transferred to chlorophyll to drive photosynthesis. The phycobiliproteins of the cyanobacteria and their respective wavelength maxima are: C-phycocyanin, 620 nm (3, 4) ; allophycocyanins, 650 nm, 656 nm, and 671 nm (5) (6) (7) ; and, in some species, C-phycoerythrin, 565 nm (3, 4) . The pathway of energy transfer in isolated phycobilisomes is apparently phycoerythrin phycocyanin -* allophycocyanin. Procedures for the isolation of phycobilisomes were devised by Gantt and her collaborators (8, 9) . Maintenance of energy transfer in isolated phycobilisomes is dependent on several factors. It is stabilized at high phosphate buffer concentrations and 20-25°C. The energy transfer function is uncoupled at lowered phosphate buffer concentrations (10) and low temperatures (4) .
All three types of phycobiliproteins are oligomeric and are composed of two distinctive subunits, a and ,B, which constitute the monomer form (ca3). Each subunit has one or more covalently bound bile pigment chromophores. C-phycocyanin has a molecular weight of about 250,000 and is a hexamer (a!,)6 at pH 5.3. It constitutes an association-dissociation system dependent on pH, ionic strength, and protein concentration (11) (12) (13) . C-phycoerythrin has a molecular weight of about 225,000 at pH 5.5 and is also a hexamer (14, 15) . Allophycocyanins have a molecular weight of about 100,000 at pH 7.0 and are probably trimers (5, 7).
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In this work the circular dichroism (CD), fluorescence, and absorption spectra of intact and of partially and fully disrupted phycobilisomes of Fremyella diplosiphon were determined. Circular dichroism and fluorescence spectra were shown to provide detailed information on the association state of the phycobiliproteins and the dissociation process. Fluorescence energy transfer indicates interactions between the sensitizer and emitter chromophores among phycobiliproteins, e.g. Cphycoerythrin: C-phycocyanin. Circular dichroism is sensitive to interactions of chromophores of the same class. These data lead to insights on the nature of the disruptions produced by specific perturbations and the factors that determine the structure of the intact phycobilisome.
MATERIALS AND METHODS The phycobilisomes of F. diplosiphon were isolated by a procedure considerably modified from that of Gantt and coworkers. The algae were grown in D medium (16) and harvested by continuous centrifugation. They were extracted by stirring for 1 hr in a medium containing 0.75 M potassium phosphate buffer, pH 6.8, 1% (wt/vol) Triton X-100 (15 ml of medium per g fresh weight of algae). The extract was centrifuged for 20 min at 27,000 X g and the sedimented material was discarded. Polyethylene glycol 6000 was added to the supernatant solution (15%, wt/vol), the mixture was stirred for 1 hr and then centrifuged for 20 min at 27,000 X g, and the supernatant was discarded. The sedimented material was suspended in 0.75 M potassium phosphate buffer, pH 6.8/1% Triton X-100/15% (wt/vol) polyethylene glycol 6000, the mixture was centrifuged for 20 min at 27,000 X g, and the supernatant was discarded. The purple sediment was suspended in 0.75 M potassium phosphate buffer, pH 6.8, and centrifuged for 15 min at 27,000 X g. The purple sedjment was again extracted and centrifuged, and the supernatants were combined to give a stock solution of intact phycobilisomes, which were held in darkness at room temperature (A,%7 = 14.7, fluorescence emission ratio 675/580 nm = 13.7). All operations during purification were at 20-25'C except where specifically noted.
Phycobilisomes were prepared in several states of dissociation at A67 = 1.0 by varying buffer concentration and temperature. Preparation I, intact phycobilisomes, was a dilution of the stock solution in 0.75 M potassium phosphate buffer, pH 6.8, held at 20-250C. Partially dissociated phycobilisomes, preparation II, were obtained by cooling preparation I to 20C for about 20 min. Further dissociated phycobilisomes, preparation III, were obtained by diluting the stock solution of intact phycobilisomes in water at 2°C to 0.05 M potassium phosphate buffer, pH 6.8, and holding for 40 min at 2°C. Finally, fully dissociated phycobilisomes, preparation IV, were prepared by holding prep- Proc. Natl. Acad. Sc. USA 77 (1980) aration III at 20C for at least 15 hr. The various preparations described above are considered to be enriched rather than homogeneous fractions, and their intermediate stages and kinetics are not considered here. Absorption spectra were recorded with a Cary 118C spectrophotometer, and corrected fluorescence emission spectra with a Perkin-Elmer MPF-4 fluorescence spectrophotometer with spectral band widths of the excitation and emission monochromators of 2 and 4 nm, respectively. CD spectra were obtained with a dichrometer previously described (17) . The spectrophotometer and dichrometer were operated under the control of a Tektronix model 4051 graphics computer, which was also used to collect, store, and process absorption and CD spectra. The interfaces between the computer and the spectrometers and the other components of the computer system are described elsewhere (18) (19) (20) . CD spectra were measured on preparations with A567 = 1.0. Fluorescence emission spectra were measured immediately after a 1:10 dilution in 0.75 M potassium phosphate buffer, pH 6.8 (Asw7 = 0.1). The dichrometer was calibrated with a solution of d-10-camphorsulfonic acid, with a value of 0.068 used for the ratio of CD at 290.5 nm to absorbance at 285 nm (21).
RESULTS AND DISCUSSION Fluorescence. The fluorescence spectra of-F. diplosiphon phycobilisomes provide information on the association properties of the constituent biliproteins. The corrected emission spectra resulting from excitation of preparations I, II, III, and IV with 545-nm radiation, a wavelength absorbed primarily by C-phycoerythrin, are shown in Fig. 1 predominantly at 676 nm, the wavelength characteristic of emission from allophycocyanin, indicating an efficient transfer of excitation energy from C-phycoerythrin to allophycocyanin. The fluorescence emission spectrum demonstrates that preparation I contains relatively intact phycobilisomes with all of the phycobiliproteins in relatively close contact, in agreement with previous reports (4, 22) . Preparation II phycobilisomes were obtained by cooling preparation I to 20C for about 20 min. Excitation of these at 545 nm produces maximum emission at 653 nm, the emission wavelength characteristic of C-phycocyanin (Fig. 1) . Similar results were reported on phycobilisomes of Rhodosorus maninus (4) . There is also increased emission from C-phycoerythrin at 580 nm and a shoulder at 676 nm that indicates residual emission from allophycocyanin. Preparation II phycobilisomes are heterogeneous. The emission spectrum suggests that the major species are phycobilisomes from which allophycocyanin has been partially dissociated. The C-phycoerythrin and C-phycocyanin remain associated, because photons absorbed by Cphycoerythrin give rise to the fluorescence characteristic of C-phycocyanin. The enhanced emission at 580 nm is due to dissociation of some C-phycoerythrin.
Preparation III was obtained from the stock solution of intact phycobilisomes by exposure to both reduced buffer concentration and low temperature for 40 min. The emission spectrum of preparation III (Fig. 1) indicates that the C-phycoerythrin and C-phycocyanin have been dissociated so that excitation at 545 nm results in emission predominantly at 580 nm, the emission wavelength of C-phycoerythrin. Energy transfer from C-phycoerythrin to C-phycocyanin is greatly reduced. The weak emission characteristic of C-phycocyanin observed with preparation III is probably due to exciting photons absorbed directly by these chromophores and perhaps to a minority of undissociated phycobilisomes. The emission spectrum for preparation III shows the interruption of energy transfer from C-phycoerythrin to C-phycocyanin but does not exclude transfer between different C-phycoerythrin chromophores. The dissociation of Nostoc sp. phycobilisomes appears to be similar (4) .
Preparation IV phycobilisomes were subjected to the same reduced ionic strength and temperature as for preparation III but for a period exceeding 15 hr. The fluorescence emission spectrum of preparation IV (Fig. 1) is very similar to that of preparation III except for the slight shift in C-phycoerythrin emission to 579 nm and a slight decrease in C-phycocyanin emission. The latter presumably indicates a reduction in the concentration of residual C-phycoerythrin-C-phycocyanin complexes and in the C-phycocyanin content of these complexes. However, CD spectra indicate striking changes in some of the C-phycoerythrin chromophores in preparation IV compared with those in preparation III. The shift in fluorescence emission maxima between preparations III and IV is consistent with changes observed in CD.
Circular Dichroism and Absorption Spectra. Circular dichroism and absorption spectra provide additional information on the associations of the phycobilisome components. The CD spectra and the corresponding absorption spectra of preparations I, II, III, and IV are shown in Fig. 2 . Absorption maxima at 565,615, and 647 nm are characteristic of C-phycoerythrin, C-phycocyanin, and allophycocyanin, respectively (3) and indicate the relative contributions of the three principal phycobiliproteins to the initial harvesting of photosynthetic radiation.
The CD spectrum of intact phycobilisomes, preparation I, shows peaks at 555 and 575 nm and troughs at 566 and 582 nm associated with C-phycoerythrin, a peak near 625 nm due to resulting from disruption by low temperature or low ionic strength is greatly facilitated by calculating CD difference spectra. Disruption of preparation I to give II, III, and IV results in substantial changes in the CD of all three classes of phycobiliproteins (Fig. 2) . Even preparation IV retains considerable CD. Because we are primarily interested in spectral features associated with protein-protein interactions, we calculated the differences between the CD spectra of intact phycobilisomes (I) and the spectra of the three disrupted preparations (II, III, and IV). These CD difference spectra, shown in Fig. 3 , represent the effects of the loss of interactions present in the intact phycobilisomes due to the various disruptive treatments. We also calculated the III -IV CD difference spectrum. Because the changes most readily interpreted are observed for wavelengths greater than 450 nm, the difference spectra are restricted to this region.
The CD difference spectrum I-II shows a peak at 658 nm that is indicative of a change in the environment of the allophycocyanin chromophores. Also, there is structure between 550 and 600 nm associated with the C-phycoerythrin chromophores. There is no change between 600 and 650 nm, where C-phycocyanin perturbations would appear. The perturbations of the allophycocyanin chromophore revealed by CD are consistent with the fluorescence emission spectra, which showed dissociation of the allophycocyanin from the phycobilisomes. Also, the disruption of C-phycoerythrin observed in CD is correlated with the appearance of fluorescence emission at 580 nm. Presumably the 580-nm emission indicates dissociation of C-phycoerythrin from the phycobilisomes, whereas the CD C-phycocyanin, and a sharp peak at 656 nm due to allophycocyanin. Significant changes occur in the CD on disruption (preparations II, III, and IV). Particularly striking are the reduction of the 656 nm peak of allophycocyanin and the changes in and eventual disappearance of both the 573 nm peak and the 582 nm trough of C-phycoerythrin. To ensure that the CD bands were completely resolved, the spectrum was recorded with the spectral bandwidth of the dichrometer reduced by a factor of 2.5 and the digitizing interval reduced by a factor of 2. No change was observed in the CD (data not shown), indicating that the spectrum was completely resolved.
CD Proc. Natl. Acad. Sci. USA 77 (1980) reflects breakdown of the C-phycoerythrin hexamers to monomers. It is unclear whether the dissociation of C-phycoerythrin is a consequence of dissociation of allophycocyanin or whether it is a result of the cold treatment independent of allophycocyanin loss.
The I -III CD difference spectrum reveals additional changes occurring in all three classes of phycobiliproteins. The CD difference peak of allophycocyanin near 660 nm is similar to that observed in the I -II difference spectrum, but changes at longer wavelengths reveal additional perturbations of allophycocyanin subunits.
The I -III CD difference spectrum between 600 and 630 nm is indicative of disruption of the C-phycocyanin oligomers. The I -II and I -III CD difference spectra appear somewhat disparate in the C-phycoerythrin region (500-600 nm). Part of this apparent difference, however, is due to overlap with C-phycocyanin bands, because dissociation of C-phycocyanin hexamers to monomers causes an increased CD in this region (23) and hence leads to a decrease in the I --III CD difference spectrum. These observations complement the fluorescence emission spectra, which indicate that C-phycocyanin and Cphycoerythrin hexamers are separated in preparation III. Preparation IV appears to have undergone terminal disruption of phycobilisomes into component monomer phycobiliproteins. Thus the I -IV difference spectrum represents the sum of all CD induced by the association of the monomers in the intact phycobilisome. Differences are observed in the wavelength regions characteristic of each of the three phycobiliproteins.
The III -IV CD difference spectrum, in marked contrast to the fluorescence emission spectra, reveals major differences between the C-phycoerythrin in preparations III and IV. The flatness of the III -IV CD difference spectrum above 600 nm shows that changes occur only in C-phycoerythrin and the states of the C-phycocyanin and allophycocyanin are unchanged. This suggests that some process involving C-phycoerythrin, incomplete in preparation III, has proceeded further in preparation IV.
The fluorescence emission spectrum of preparation III shows almost total loss of energy transfer from C-phycoerythrin to C-phycocyanin (Fig. 1) . Apparently most associations of Cphycocyanin and C-phycoerythrin are already disrupted. Thus it is most likely that the difference between preparations III and IV is due to dissociation of the C-phycoerythrin hexamer.
Spectral Shifts of C-phycoerythrin Chromophores Resulting from Aggregation, and Implications for Energy
Transfer. The major change in the CD of C-phycoerythrin in the intact phycobilisomes of preparation I that are dissociated to give preparation IV is a decrease and then eventual loss of the CD peak at about 575 nm and the trough at 582 nm and the concomitant increase in the magnitude of the CD peak at about 555 nm and the trough at about 566 nm. Because the 575-nhm peak and the 582-nm trough in CD are lost completely only in preparation IV, they are presumably due to the presence of C-phycoerythrin in hexameric form. This conclusion is in agreement with the results of Pecci and Fujimori (24) , who used CD to monitor the dissociation of isolated B-phycoerythrin induced by p-mercuriphenylsulfonic acid. The new bands could result from interactions between chromophores on adjacent C-phycoerythrin monomers that give rise to exciton-like excited states. Because these are short-range interactions (25), the interacting chromophores would have to be located within a few nanometers of similar chromophores on other polypeptides within the hexameric complex.
The strong CD signals observed in C-phycoerythrin in the monomeric form, along with fluorescence polarization data (26), suggest strong couplings between chromophores within the monomeric units and, hence, efficient energy transfer. Additional CD bands observed between 570 and 600 nm for the hexameric form of C-phycoerythrin suggest the presence of lower energy excited states characteristic of the hexameric structure. Presumably these lower energy (exciplex or exciton-like) states would result from interactions involving chromophores located on different monomers. They could serve as traps for excitations produced by higher energy photons. The trapped excitations could be transferred to C-phycocyanin or perhaps directly to allophycocyanin. Evidence for the existence of C-phycoerythrin traps is provided by the emission spectra of preparations III and IV in Fig. 1 . The peak of the C-phycoerythrin emission of preparation III, which contains a mixture of monomers and hexamers, is shifted to slightly longer wavelengths than the peak of preparation IV, which contains only C-phycoerythrin monomers. Presumably the shift would have been greater if preparation III had contained only intact hexamers. Apparently the fluorescence of C-phycoerythrin hexamers arises at least in part from the low-energy excited states detected in CD.
Essentially identical CD and fluorescence emission spectra were obtained with phycobilisomes of Tolypothrix tenuis, including loss of the 575-and 582-nm CD bands on complete dissociation (data not shown).
Reconstitution of Phycobilisomes. Restoration of substantial portions of the CD and fluorescence emission spectra characteristic of intact phycobilisomes is possible by reversing the disrupting conditions. These observations will be described elsewhere.
Implications for Phycobilisome Structure. Phycobilisomes are supramolecular assemblies containing as many as three different types of phycobiliproteins and several colorless proteins (27-29). For the elucidation of the states of association and dissociation of the phycobiliprotein assemblies, fluorescence and CD spectroscopy are powerful and complementary tools.
CD provides information on the hexamer-monomer transitions of the phycobiliproteins, and fluorescence is more sensitive to the hexamer-hexamer interactions.
The thermodynamic factors responsible for maintaining the integrity of phycobilisomes have not been previously considered. General observations of hydrophobic interactions of proteins have led to the conclusion that entropy changes dominate the thermodynamics of these systems (30). The hexamer of C-phycocyanin is stabilized by hydrophobic interactions (13, 31) . Phycoerythrin binds to hydrocarbon-substituted agarose, apparently by hydrophobic interaction (32, 33) . Limited studies by hydrophobic interaction chromatography revealed that phycoerythrin adsorption diminished with a decrease in temperature (34). The disruption of the phycobilisome at low temperature may therefore be related to a decrease in hydrophobic interactions. The apparent stabilization of the phycobilisomes by hydrophobic interactions at high phosphate buffer concentration can be correlated with the exclusion of ordered water. We conclude that hydrophobic interactions are fundamental to the maintenance of the structure and function of phycobilisomes.
